Listeriolysin O (LLO) and a phosphatidylinositol-specific phospholipase C (PI-PLC) are known virulence factors of Listeria monocytogenes in both tissue cultures and the murine model of infection. LLO is a member of a family of pore-forming cholesterol-dependent cytotoxins and is known to play an essential role in escape from the primary phagocytic vacuole of macrophages. PI-PLC plays an accessory role, in that PI-PLC mutants are partially defective in escape. We have shown that both of these molecules are essential for initiating rapid increases in the calcium level in the J774 murine macrophage cell line (S. J. Wadsworth and H. Goldfine, Infect. Immun. 67:1770-1778, 1999). Here we show that both LLO and PI-PLC are required for translocation of protein kinase C ␦ (PKC ␦) to the periphery of J774 cells and for translocation of PKC ␤ II to early endosomes beginning within the first minute after addition of bacteria to the culture medium. Treatment with the calcium channel blocker SK&F 96365 inhibited translocation of PKC ␤ II but not PKC ␦. Our findings lead us to propose a host signaling pathway requiring LLO and the formation of diacylglycerol by PI-PLC in which calcium-independent PKC ␦ is responsible for the initial calcium signal and the subsequent PKC ␤ II translocation. LLO-dependent translocation of PKC ␤ I to early endosomes also occurs between 1 and 4 min after infection, but this occurs in the absence of PI-PLC. All of these signals were observed in cells that had not internalized bacteria. Blocking PKC ␤ translocation with hispidin resulted in more rapid uptake of wild-type bacteria and greatly reduced escape from the primary phagocytic vacuoles of J774 cells.
The capacity to survive and grow within macrophages is a hallmark of infections with Listeria monocytogenes. Our recent studies have focused on the earliest stages of the encounter between L. monocytogenes and a macrophage, as represented by the J774 murine macrophage cell line, a well-studied tissue culture model of infection (5, 30, 33) . We have observed that the cytosolic calcium level is elevated at 1, 5, and 10 min after infection with wild-type L. monocytogenes but not after infection with a strain with a listeriolysin O (LLO) mutation. Strains with deletions in the genes encoding two secreted phospholipases C did not produce some or all of these signals (35) .
Of specific interest to workers in our laboratory are signal transduction pathways activated by the two phospholipases that contribute significantly to virulence in the mouse model of infection (5, 30) . One of these, a phosphatidylinositol (PI)-specific phospholipase C (PI-PLC), encoded by plcA, hydrolyzes host PI, leading to production of the eukaryotic signaling molecule diacylglycerol (DAG) (4, 12, 23, 30) . The other, a broad-range phospholipase C (BR-PLC), encoded by plcB, acts on many host polar lipids, including sphingomyelin, leading to production of DAG and ceramide (10, 11) . The elevated calcium levels produced by the combined actions of LLO and PI-PLC appear to be part of a signaling pathway that is inhibitory to entry of L. monocytogenes, since strains with mutations in the genes encoding these two proteins enter J774 cells more rapidly than the wild type enters these cells (35) . Calcium signals also appear to regulate the eventual fate of the bacterium since suppression of these signals results in more rapid entry and reduced escape of wild-type bacteria from the primary phagocytic vacuole into the cytosol (35) .
Based on the rapid hydrolysis of PI and the formation of DAG as a result of listerial phospholipase activity on host lipids (12) and based on our observations of calcium signaling (35) , we investigated the possibility that calcium signaling is coupled to protein kinase C (PKC) mobilization. In the present study we demonstrated that three of the four PKC isoforms (␦, ␤ I, and ␤ II) found in J774 cells are translocated before bacterial entry, that the presumed activation of PKC ␦ and PKC ␤ II is coupled to early calcium signals, and that both ␤ isoforms rapidly translocate to early endosomes. Pharmacological inhibition of PKC signaling resulted in more rapid entry and reduced escape of L. monocytogenes from the primary phagocytic vacuole.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Bacterial strains used in this study are listed in Table 1 . All strains were maintained on brain heart infusion agar plates, which were made at regular intervals from stock cultures stored at Ϫ80°C in Luria-Bertani medium with 40% glycerol. For all experiments an overnight culture was grown statically at 30°C, and a 1:10 dilution of this culture in brain heart infusion was prepared the morning of the experiment and grown at 37°C on a rotator until the optical density at 620 nm reached 0.490 to 0.510.
Measurement of bacterial association with and entry into J774 cells. J774 cells, a murine macrophage cell line, were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 7.5% fetal calf serum, glutamine, and penicillin-streptomycin and incubated at 37°C under 5% CO 2 . Cells were plated on circular glass coverslips (diameter,12 mm; Fisher) in antibiotic-free DMEM 1 day prior to infection. To measure entry, we used the method of Drevets and Campbell (8) . Briefly, cells were infected with fluorescein isothiocyanate (FITC)-labeled log-phase wild-type or mutant bacteria (25 to 30 bacteria per cell) for 20 min. Bacteria were labeled with FITC as described previously (35) . At various times during the 20-min infection period cells were washed five or six times with phosphate-buffered saline (PBS), stained with ethidium bromide (25 g/ml), which stains only extracellular bacteria, and fixed with 3.3% formaldehyde. Cells and bacteria were counted by using an 60ϫ oil objective and both fluorescein and rhodamine filters. Total bacteria, stained with FITC, were green, and extracellular bacteria, stained with ethidium bromide, were red. Thus, the percentage of intracellular bacteria was obtained by subtracting the number of extracellular bacteria (red) from the number of total bacteria (green), dividing the difference by the total number of bacteria (green), and multiplying this fraction by 100 (35) .
Visualization of PKC translocation by immunofluorescence. Immunofluorescence techniques were used to study PKC ␦ and PKC ␤ translocation and colocalization of PKC ␤ with early endosomes of J774 cells. For these studies, cells were plated on coverslips as described above. Cells were infected with FITC-labeled wild-type or mutant bacteria, and at various times during a 5-min infection cells were washed five or six times with PBS, fixed, permeabilized with PBS containing 0.1% Triton X-100, and blocked with 1% bovine serum albumin. In some experiments unlabeled bacteria were used to determine if FITC labeling altered the signals obtained with labeled bacteria. No difference in signaling was seen when labeled and unlabeled bacteria were compared. The permeabilized cells were then incubated at 37°C for 1 h with rabbit polyclonal antibodies (1:100) to murine PKC ␦, PKC ␤ I, or PKC ␤ II (Calbiochem, San Diego, Calif.). Then the cells were washed 10 times with PBS, the secondary antibody, anti-rabbit immunoglobulin G conjugated to FITC, was added at 1:100, and the cells were incubated for 30 min at 25°C. After this incubation the cells were washed 10 times with PBS and mounted for fluorescence microscopy. Cells were viewed with the 60ϫ oil objective by using the fluorescein filter.
In experiments in which PKC ␤ colocalization to early endosomes was studied, J774 cells were also labeled with rhodamine-conjugated transferrin (Molecular Probes), a specific marker for early endosomes. J774 cells were labeled for 45 min at 37°C with transferrin according to the manufacturer's directions, washed 10 times with PBS, and then infected with wild-type or mutant bacteria. The cells were then processed for immunofluorescence studies as described above. These cells were viewed with both the fluorescein and rhodamine filters.
Cytosolic Ca 2؉ measurements. Cytosolic calcium measurements were obtained as previously described (35) . Briefly, cells were loaded with a 5 M solution of the fluorescent calcium indicator fluo-3 AM and a 5 M solution of the fluorescent indicator SNARF-1 AM for 30 min. SNARF-1 AM was used as the reference since fluo-3 is a nonratiometric calcium indicator. The cells were viewed with a 40ϫ objective by using both fluorescein and rhodamine filters, and dual images were captured with the Phase 3 Imaging system (Phase 3 Imaging, Glen Mills, Pa.).
Early-endosome preparation and characterization: isolation of early endosomes. Early endosomes were isolated and characterized by the methods of Diaz et al. (7), with modifications. J774 cells, grown to confluence in 150-cm 2 flasks, were infected with L. monocytogenes and washed three times with ice-cold PBS. Bacterial cultures were not labeled with FITC but otherwise were prepared as described above. The volume of inoculum required varied according to the number of flasks of J774 cells used but was calculated based on a multiplicity of infection of 25 to 30. Immediately after the last wash liquid was removed, 3 ml of ice-cold lysis buffer (10 mM Tris, 1 mM diisopropyl fluorophosphate, 0.5 g of leupeptin per ml, 2 g of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1 mM EGTA, 1 mM EDTA; pH 7.4) was added to each flask, and the cells were immediately scraped, transferred into a 15-ml conical polypropylene tube (Costar), and kept on ice. The cell suspension was incubated for approximately 5 min on ice or until more than 85% of the cells were lysed, as determined by microscopy. The suspension was centrifuged for 5 min at 1,500 ϫ g at 4°C. The postnuclear supernatant (PNS) fraction was collected, transferred to an SW41 ultracentrifuge tube (Beckman), and centrifuged for 15 min at 40,000 ϫ g at 4°C. The supernatant (first supernatant fraction) was collected and saved for marker assays. The pellet was resuspended in 0.25 ml of 0.25 M sucrose in lysis buffer; for the best results, we applied the 40,000-ϫ-g pellet obtained from four 150-cm 2 flasks to one Percoll gradient. This suspension was then layered onto 1.5 ml of a 1.05-g/ml Percoll solution. It was centrifuged for 45 min at 40,000 ϫ g in the SW41 rotor, and the early-endosome fraction was collected from the top of the tube and used for marker assays or Western blotting. The thin lipid layer, located below the early-endosome fraction, was discarded, and the aqueous layer below this was referred to as late endosomes/ lysosomes. This layer was also saved and was used for marker assays.
Transferrin receptor detection. Early endosomes were prepared as described above, the five fractions obtained from the preparation were loaded onto a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel, and the proteins were separated by electrophoresis. Proteins were then transferred to polyvinylidene difluoride membranes (Bio-Rad), and Western immunoblotting was performed by using a monoclonal anti-transferrin receptor antibody. The transferrin receptor was found in the PNS fraction which was the starting material for the isolation, the 40,000-ϫ-g pellet obtained after 15 min of ultracentrifugation, and the purified early-endosome fraction. No bands were detected in the first supernatant or the late-endosome/lysosome fraction (data not shown).
HRP assay. Five separate preparations of early endosomes isolated from J774 cells were characterized with respect to horseradish peroxidase (HRP) activity (1) . One confluent 150-cm 2 flask of J774 cells (20 ϫ 10 8 to 30 ϫ 10 8 cells) was incubated for 1 h at 4°C with 200 g of HRP-avidin conjugate (Sigma, St. Louis, Mo.) per ml. Uptake of the conjugated probe was initiated by addition of prewarmed (37°C) tissue culture medium (without marker), and the pulse-chase reaction was stopped after 10 min by addition of ice-cold PBS. After incubation for 10 min at 37°C, the HRP-avidin marker is located in the early endosomes (18) . Cells were washed three times with ice-cold PBS, and then the early endosomes were isolated as described above. The five fractions described above were analyzed for HRP activity by the method of Alvarez-Dominguez et al. (1); o-dianisidine was used as the substrate. A calibration curve (0 to 50 ng of HRP-avidin) was used to quantify the concentration of the marker in each fraction.
In a second set of three preparations J774 cells were loaded with HRP-avidin as described above, except that the reaction was stopped with ice-cold PBS after 45 min rather than after 10 min. The additional incubation time allowed the HRP marker to pass through the early endosomes and enter the late endosomes and lysosomes (6). The fractions described above were assayed for HRP-avidin activity.
N-Acetyl-␤-D-glucosaminidase assay. N-Acetyl-␤-D-glucosaminidase, a lysosomal enzyme, was assayed by the method of Findlay et al. (9) . This enzyme catalyzes hydrolysis of the substrate p-nitrophenyl-N-acetyl-␤-D-glucosaminide, yielding free p-nitrophenol. Briefly, 0.5 ml of sample was added to 1 ml of 0.2 N citric acid buffer (pH 4.4) and 2 ml of 10 mM p-nitrophenyl-N-␤-D-glucosaminide. After incubation for 1 h at 38°C, the reaction was stopped by addition of 4 ml of 0.4 M glycine-NaOH buffer (pH 10.5). The reaction mixture was centrifuged at 3,000 ϫ g, and the amount of p-nitrophenol in the supernatant was determined by measuring absorbance at 430 nm. Specific activity was expressed in absorbance units per milligram of protein. Total activity was expressed in absorbance units per milligram of protein in the whole preparation.
Western blotting for PKC ␤ I and PKC ␤ II colocalization with isolated early endosomes. J774 cells were maintained in DMEM with 7.5% fetal calf serum and antibiotics in 150-cm 2 flasks at 37°C under 5% CO 2 . One day prior to infection the cells were switched to antibiotic-free DMEM with 7.5% fetal calf serum. Log-phase bacterial cultures were grown as described above. For PKC ␤ I and early-endosome colocalization, 12 ϫ 10 9 to 15 ϫ 10 9 cells were used for each infection; the same number of cells was used for the uninfected control. PKC ␤ II colocalization with early endosomes required 16 ϫ 10 9 to 18 ϫ 10 9 cells per infection or for the uninfected control. To isolate early endosomes colocalized with PKC ␤ I, cells were infected with wild-type or mutant L. monocytogenes at 37°C at a multiplicity of infection of 25 for 4 min (the time of maximal colocalization, as determined by immunofluorescence studies), washed three times with ice-cold PBS, and processed as described above for isolation of early endosomes. For isolation of early endosomes colocalized with PKC ␤ II, cells were infected with wild-type or mutant L. monocytogenes at 37°C for 45 s (the time of maximal colocalization, as determined by immunofluorescence) and processed for earlyendosome isolation.
The purified fractions (100 g of protein) were applied to SDS-10% polyacrylamide gels. After electrophoresis and transfer to polyvinylidene difluoride membranes, Western immunoblotting was performed by using primary PKC antibodies at a dilution of 1:500 for 1 h and rabbit anti-immunoglobulin G secondary antibody conjugated to HRP at a dilution of 1:10,000 for 1 h. Blots were developed with the Super Signal chemiluminescence system (Pierce, Rockford, Ill.).
RESULTS
Characterization of the early-endosome preparation. The early-endosome preparation was characterized by measuring the activities of three subcellular markers in different fractions of the preparation, as described in Materials and Methods and summarized in Table 2 . In five preparations in which J774 cells had been given a 10-min pulse of the endocytic marker HRP, the HRP activity was completely recovered in the top fraction of the Percoll gradient, indicating that this fraction contained the purified early-endosome fraction. A Western blot showed that the PNS fraction, the first pellet, and the top fraction of the Percoll gradient also contained the early endosomal transferrin receptor marker (data not shown). The Western blot thus confirmed that the top fraction of the gradient contained the purified early-endosome fraction. HRP activity was also measured in a second set of three preparations after a 45-min HRP pulse, during which HRP was expected to progress to late endosomes or lysosomes (6) . There was no significant HRP activity remaining in the early-endosome fraction, indicating that this fraction was not contaminated with late endosomes or lysosomes. The activity of the lysosomal marker, N-acetyl-Dglucosaminidase, was measured, and no significant glucosaminidase activity was detected in the early-endosome fraction, indicating that this fraction was free of lysosomal contamination.
Translocation of PKC after infection with wild-type and mutant L. monocytogenes. (Fig. 1A, panel b) . The observed redistribution began 30 s after addition of either strain to cell cultures and reached a maximum by 45 s. By 5 min PKC ␦ had redistributed to a cytosolic location (data not shown). Infection with the PI-PLC mutant (Fig. 1A, panel f) , the LLO mutant (Fig. 1A , panel e), or double phospholipase mutants (⌬plcA ⌬plcB) (data not shown) did not result in redistribution of PKC ␦, indicating that both LLO and PI-PLC are required for PKC ␦ translocation.
(ii) Effects of inhibitors on PKC ␦ translocation. Although it has been reported that PKC ␦ activation is calcium independent, the effects of the calcium channel blocker SK&F 96365 on PKC ␦ translocation have not been examined. We tested SK&F 96365 (BioMol) at a concentration of 25 M, the concentration previously shown to completely inhibit calcium signaling in J774 cells (35) , and we found that it did not affect translocation of PKC ␦ after infection with the wild type (Fig.  1B , panels c and d). Hispidin (Calbiochem), a potent inhibitor of PKC ␤ isoforms (50% inhibitory concentration, 2 M) (13), was also tested to determine its effects on PKC ␦ activity. PKC ␦ translocation was not affected by 5 M hispidin, the concentration that resulted in complete inhibition of PKC ␤ I and PKC II translocation to early endosomes (see below) (Fig. 1B , panels e and f). Rottlerin (Calbiochem), a relatively specific inhibitor of PKC ␦ (14, 17), completely inhibited translocation at a concentration of 25 M (Fig. 1B, panels g and h) .
(iii) PKC ␤ II translocation. Using epifluorescence and Western immunoblotting, we observed that PKC ␤ II translocated to early endosomes after infection with the wild type. In uninfected cells PKC ␤ II was distributed throughout the cell and also colocalized with early endosomes (Fig. 2a to c) . The cells in Fig. 2a to c are representative of the population of uninfected cells in which Յ10% colocalization of PKC ␤ II with early endosomes was routinely observed. Colocalization of PKC ␤ II with an early endosome is visualized as a discrete, bright yellow area in one cell (Fig. 2c) . PKC ␤ II redistribution a The HRP assay for five fractions was performed as described in text. The specific activity of the marker was calculated for each preparation and is expressed in nanograms of HRP-avidin per milligram of protein, and the average total activity is expressed in nanograms of HRP-avidin per milligram of protein in the total volume. The PNS fraction activity was considered 100%, and the percentage of activity for each of the remaining fractions was determined as follows: total activity in fraction/total activity in PNS fraction. The data are means Ϯ standard errors for five separate preparations.
b The N-acetyl-␤-D-glucosaminidase assay for five fractions was performed as described in text. The specific activity is expressed in absorbance per milligram of protein. The PNS fraction activity was considered 100%, and the percentage of activity for each of the remaining fractions was determined as follows: total activity in fraction/total activity in PNS fraction. The data are means Ϯ the standard errors for five separate preparations. Fig. 2d to f. Similar redistribution was seen with the BR-PLC mutant strain (data not shown). Redistribution was not observed after 1 min. Figure 2e shows that transferrin-labeled early endosomes are larger (1 to 6 m) than the bodies in uninfected cells and that their distribution is not mainly peripheral. In Fig. 2d several of these bodies are labeled with antibody to PKC ␤ II, and in Fig. 2f they are colocalized as discrete yellow bodies. Infection with an LLO-deficient strain (Fig. 2g to i) or a PI-PLC-deficient strain (Fig. 2 j to l) did not result in translocation of the PKC ␤ II isoform, which suggests that PKC ␤ II translocation depends on both LLO and PI-PLC. Some change in the distribution of transferrin-labeled early endosomes was observed upon infection with the LLO mutant (Fig. 2h ), but these endosomes did not colocalize with PKC ␤ II. An increase in the number of larger endosomes was also detected in cells infected with the BR-PLC and double phospholipase mutant strains (data not shown). Increased size of early endosomes does not appear to be coupled to PKC ␤ II translocation. The results of immunofluorescence studies were confirmed by isolation of early endosomes, followed by Western blotting with antibody specific for PKC ␤ II. Figure 3A shows that in uninfected cells there was some PKC ␤ II in the early endosomes, but after 45 s of infection with the wild type or the BR-PLC mutant the amount of PKC ␤ II was greatly increased. As was the case for immunofluorescence, this increase was not seen upon infection with the LLO, PI-PLC, or double phospholipase mutants.
(iv) PKC ␤ I translocation. In uninfected cells some colocalization of PKC ␤ I with transferrin-labeled early endosomes was observed; this occurred in Յ10% of the cells (Fig. 4a to c) . After infection with the wild type (Fig. 4d to f) or the PI-PLC mutant strain (Fig. 4g to i ) noticeably more colocalization of PKC ␤ I with early endosomes was observed within 4 min after addition of bacteria. As shown in Fig. 4 , redistribution of transferrin-labeled early endosomes occurred after infection, resulting in larger, more centrally located bodies. Colocalization of PKC ␤ I with early endosomes was also seen after infection with the BR-PLC or double phospholipase mutant strains (data not shown). By 5 min redistribution of PKC ␤ I was no longer observed after infection with the wild type The results of immunofluorescence studies of PKC ␤ I were supported by isolation of early endosomes followed by Western blotting with antibody specific for PKC ␤ I. Figure 5 shows that in uninfected cells there was some PKC ␤ I at the early endosomes, but after infection with the wild type or the PI- Upon infection with the wild type, PKC ␤ II translocation to the early endosomes 45 s after addition of the bacteria appears as bright, discrete yellow areas in the same location as the early endosomes (f). PKC ␤ II translocation did not occur after infection with mutant strains lacking LLO (g to i) or PI-PLC (j to l).
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on August 15, 2017 by guest http://iai.asm.org/ PLC mutant the amount of PKC ␤ I was significantly greater. As determined by immunofluorescence, there was no translocation of PKC ␤ I upon infection with the LLO mutant. The time course of translocation of PKC ␤ I is shown in Fig. 6 ; it reached a maximum at 4 min and was essentially gone at 5 min.
(v) Effects of inhibitors on PKC ␤ I and PKC ␤ II translocation. The effects of the calcium channel blocker SK&F 96365 on translocation of both PKC ␤ I and PKC ␤ II were studied in order to determine calcium requirements for translocation of these molecules. The so-called classical isoforms of PKC, including PKC ␤, are activated by calcium and/or DAG (26) . In J774 cells, 25 M SK&F 96365 did not prevent the translocation of PKC ␤ I to early endosomes after infection with the wild type, which indicates that translocation of this isoform was independent of calcium influx (Fig. 5) . However, PKC ␤ II translocation after infection with the wild type or the BR-PLC mutant strain was inhibited in cells treated with SK&F 96365, indicating that translocation of this isoform requires the initial calcium influx observed at 1 min postinfection (35) (Fig.  3B) .
In contrast, hispidin (5 M), the PKC ␤ inhibitor, prevented translocation of both PKC ␤ I (Fig. 5) and PKC ␤ II (Fig. 3B) to early endosomes after infection with the wild type. At a concentration of 25 M, rottlerin, an inhibitor of PKC ␦ at concentrations lower than those required for inhibition of other PKC isoforms, did not affect translocation of PKC ␤ I to early endosomes (data not shown), but it did inhibit translocation of PKC ␤ II to early endosomes, which indicates that PKC ␤ II activation is downstream of PKC ␦ mobilization (Fig.  3C) .
Effects of inhibitors on calcium signaling. Since wild-type L. monocytogenes and the strain lacking BR-PLC induce an influx of calcium within 1 min after addition of bacteria to cells (35) and rapid translocation of the calcium-independent PKC ␦ isoform and the classical PKC ␤ isoforms, we tested the effects of the PKC ␦ inhibitor rottlerin on calcium signaling. In untreated cells the intracellular calcium concentration ([Ca 2ϩ ] i ) was elevated from 184 Ϯ 34 to 501 Ϯ 66 nM 1 min after infection with the wild type, as previously reported (35) . In cells pretreated with 25 M rottlerin for 30 min, the initial calcium concentration after infection with the wild type was reduced to 273 Ϯ 25 nM (P Ͻ 0.05, compared to the signal in untreated cells). Treatment of J774 cells with rottlerin prior to infection with the BR-PLC (plcB) mutant, which also produces the first increase in the calcium level (35) , gave identical results (data not shown). Pretreatment with 5 M hispidin for 30 min resulted in no significant inhibition of the calcium signal after infection with the wild type (initial calcium concentration, 428 Ϯ 34 nM).
Effects of hispidin on entry of L. monocytogenes into J774 cells. The results described above suggest that PKC ␦ translocation precedes the first increase in the calcium level and that both of these signals are required for PKC ␤ II translocation. PKC ␦ activation requires DAG, which is provided by the action of L. monocytogenes PI-PLC on host PI in the presence of LLO (12) . Accordingly, we propose the following signaling pathway: PI-PLC 3 DAG 3 PKC ␦ translocation 3 elevated [Ca 2ϩ ] i 3 PKC ␤ II translocation. As was the case when the first increase in calcium level was prevented by treatment with SK&F 96365 (35), we found that the total number of wild-type bacteria associated with hispidin-treated J774 cells at 1 min was significantly higher than the number associated with untreated J774 cells (Fig. 7A) .
Internalization of the wild type was also affected by hispidin treatment. The percentage of internalized wild-type L. monocytogenes cells was significantly higher in treated J774 cells than in untreated J774 cells (Fig. 7C) . The percentage of internalized wild-type bacteria remained significantly elevated in hispidin-treated J774 cells until 20 min. There was a decline from 67% Ϯ 2.9% at 10 min to 38% Ϯ 2.3% at 20 min. This decline in part reflected the increased total number of bacteria associated with hispidin-treated cells at 20 min (Fig. 7A) . Similar increases in internalization of the BR-PLC mutant were also seen after treatment with hispidin (data not shown). While these results suggest a role for PKC ␤ activation in controlling entry of the wild type at very early time points, they do not distinguish between the PKC ␤ I and PKC ␤ II isoforms.
Since hispidin affects both PKC ␤ I and PKC ␤ II translocation and since the PI-PLC mutant activates only PKC ␤ I, we tested the effects of hispidin on the entry kinetics of this strain to determine if PKC ␤ I translocation has a role in controlling entry of L. monocytogenes. We found that hispidin did not have a significant effect on the total number of cells of this strain associated with J774 cells (Fig. 7B) . Entry of the PI-PLC mutant strain into hispidin-treated cells was also not significantly different from entry into untreated cells during the 20-min (Fig. 7D) . These results, which suggest that both PKC ␤ I and PKC ␤ II control the entry of L. monocytogenes into J774 cells, are discussed below.
Effects of hispidin on escape from the primary vacuole.
When J774 cells were treated with the calcium signal inhibitors SK&F 96365 and thapsigargin and infected with wild-type L. monocytogenes, the percentage of internalized bacteria that escaped from the primary vacuole decreased from 44% to 14 FIG. 4 . PKC ␤ I translocation occurred after infection with the wild type or the PI-PLC mutant strain but not after infection with the LLO mutant strain. PKC ␤ I was labeled with FITC-conjugated secondary antibody as described in the text, and cells labeled for PKC ␤ I are shown in the left panel of each row. Early endosomes were labeled with rhodamine-conjugated transferrin and appear in the middle panel of each row as discrete red areas. In uninfected cells PKC ␤ I was located throughout the cytosol, could also appear as a discrete green area around the periphery of a cell, and could be colocalized with early endosomes. Cells were infected with the strains for 4 min. PKC ␤ I translocation after infection with the wild-type strain (d to f) or the PI-PLC mutant strain (g to i) appears as discrete bright yellow areas corresponding to PKC ␤ I colocalization with transferrin-labeled early endosomes. The images in the right panels were obtained as described in the legend to Fig. 2 . Cells infected with the strain lacking LLO did not show translocation of PKC ␤ I to early endosomes (j to l). Bright green objects seen especially in panels j and l are FITC-labeled bacteria. and 21%, respectively (35) . These results suggested that calcium signaling affected the ability of L. monocytogenes to leave the primary phagosome. Since calcium signaling is required for translocation of PKC ␤ II to early endosomes, we examined the effects of inhibition of PKC ␤ translocation by hispidin on escape. Like SK&F 96365, hispidin reduced the percentage of wild-type bacteria that escaped at 1.5 h after infection from 43 to 15% (Fig. 8A) . The ability of the PI-PLC mutant to escape from the primary vacuole is significantly impaired compared to the ability of the wild type (5, 30) . When J774 cells were treated with hispidin and infected with the PI-PLC mutant, in which PKC ␤ I but not PKC ␤ II was translocated to early endosomes, the percentage of bacteria that escaped was markedly reduced (from 23 to 4.5%) (Fig. 8B) , suggesting an important role for PKC ␤ I in determining eventual escape from the primary phagocytic vacuole.
DISCUSSION
The observation that elevations in cytosolic calcium levels occurred 1 and 5 min after infection of J774 cells with wild-type L. monocytogenes (35) and the finding that PKC ␦ and PKC ␤ isoforms were translocated within the first 5 min after infection formed the basis for the present study, in which we examined the relationships among cytosolic calcium, bacterial phospholipase activities, and host PKC activation. We present evidence that there is coupling of PKC ␦, calcium signaling, and PKC ␤ II translocation in J774 cells after infection with L. monocytogenes and demonstrate that pharmacological inhibition of calcium signals disrupts the signaling pathway. We also demonstrate that an apparently calcium-independent but LLOdependent translocation of PKC ␤ I occurs. The observation that PKC ␦ translocates to the cell periphery by 30 s after infection is consistent with our previous hypothesis that it plays a role in the influx of calcium from the extracellular fluid that was observed to peak at 1 min after infection (35) . Treatment with rottlerin, a relatively specific PKC ␦ inhibitor, resulted in significant inhibition of calcium signaling. Although recent work indicates that rottlerin may act as a mitochondrial uncoupler which reduces ATP levels (31), the specific effects of this compound on PKC ␦ and PKC ␤ II, but not on PKC ␤ I translocation, are consistent with a pathway from PKC ␦ to PKC ␤ II. Inhibition of calcium entry with the channel blocker SK&F 96365 did not prevent PKC ␦ translocation, whereas presumed inhibition of PKC activation by 3 h . PKC ␦ has been shown to be involved in opening plasma membrane calcium channels (20, 34) .
Based on these findings, we propose the following model for the coupling of intracellular calcium and PKC activation. Translocation of PKC ␦ to the periphery of the cell occurs upon addition of wild-type L. monocytogenes or the BR-PLC mutant strain but not upon addition of mutants with mutations in PI-PLC or LLO genes, which indicates that there is a requirement for at least two bacterial proteins, LLO and PI-PLC. Presumably, the combined activity of these proteins leads to hydrolysis of host PI and the formation of DAG (12, 27) . We propose that this is responsible for the translocation of PKC ␦, a calcium-independent isoform, and the subsequent initial elevation of intracellular calcium levels (Fig. 9) , although a direct connection between PKC ␦ translocation and opening of the calcium channel has not been formally demonstrated.
Translocation of PKC ␤ II to early endosomes of J774 cells also began within 30 s after addition of L. monocytogenes. This required both LLO and PI-PLC and was also inhibited by rottlerin and the calcium channel blocker SK&F 96365. Thus, translocation of this isoform appears to be coupled to PKC ␦ translocation and calcium signaling. In contrast to PKC ␤ II translocation, PKC ␤ I translocation to the early endosomes occurred after infection with all of the strains tested except the strain lacking LLO. Since no calcium signaling was observed with the double phospholipase mutant (35) , it appears that LLO is responsible for initiating a pulse of DAG, which in this case appears to be sufficient for PKC ␤ I translocation (26) . Consistent with this is our finding that the double phospholipase mutant, but not the LLO mutant strain, activates host polyphosphoinositide-specific PLC (12) . PKC ␤ I translocation was not inhibited by SK&F 96365, also indicating that elevation of the calcium level is not required for PKC ␤ I translocation to early endosomes. Translocation of PKC ␤ I and PKC ␤ II to early endosomes has not been reported previously.
The PI-PLC and the double phospholipase deletion strains, which mobilize PKC ␤ I but not PKC ␤ II or PKC ␦, demonstrated higher early association with J774 cells and more rapid entry than strains that mobilize all three PKC isoforms (Fig. 7) . We suggest, therefore, that PKC ␤ I activation permits earlier and more rapid bacterial entry and that PKC ␤ II activation appears to modify this effect by temporarily slowing bacterial entry. When neither PKC ␤ I nor PKC ␤ II is translocated, as is the case with a mutant with a mutation in the LLO gene or with heat-killed bacteria, uptake is also rapid (35) , suggesting that this rate is the rate for particles that bind to surface receptors and are unable to modify the host response. In a recent study, translocation of two nonclassical PKC isoforms, PKC ␦ and PKC ε, was associated with uptake of opsonized particles into RAW 264.7 cells via the Fc␥ receptor (19) . These studies and those reported here suggest that PKC ␦ translocation and downstream events may play a role in both Fc␥ receptor-mediated and Fc␥ receptor-independent uptake.
As shown in Fig. 8 , inhibition of PKC ␤ translocation by hispidin had dramatic effects on the ability of both wild-type and PI-PLC mutant bacteria to escape from the primary vacuole. During infection of J774 cells with the wild type, 43% of 
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on August 15, 2017 by guest http://iai.asm.org/ the internalized bacteria had escaped from the primary vacuole at 1.5 h after infection. When cells were pretreated with the calcium channel blocker SK&F 96365, which blocked all calcium signaling, and with thapsigargin, which emptied cellular calcium stores and blocked the second and third calcium signals, the ability of the wild type to escape was reduced to 14 and 21%, respectively (35) . Since blockage of the calcium signals inhibited PKC ␤ II translocation, we tested the effects of hispidin, which blocked PKC ␤ I and PKC ␤ II translocation, on escape from the primary vacuole and observed that escape was reduced from 43 to 15%, paralleling the results obtained with inhibitors of calcium signaling. Infection of J774 cells with the mutant with a deletion in the PI-PLC gene resulted in translocation of PKC ␤ I but not translocation of PKC ␤ II. When cells were treated with hispidin and infected with the PI-PLC mutant, escape was reduced from 23 to 4.5% (Fig. 8B) . These results strongly suggest that PKC signaling has a profound effect on later events during an infection. In order to determine if PKC signals in addition to those observed during the initial stages of infection are required, we performed experiments in which hispidin was removed from the medium 5 and 15 min after infection with the wild type. We observed that washing the cells at these times, which were earlier than the normal wash time (30 min), resulted in escape of fewer bacteria into the cytosol than usually observed (27 versus 38% in these experiments). When hispidin was removed at either 5 or 15 min after infection, the percentage of bacteria that escaped into the cytosol did not differ from the percentage in controls to which hispidin had not been added (data not shown). These results suggest that PKC ␤ signaling after internalization plays a role in the ability of L. monocytogenes to exit the primary vacuole. The finding that early endosomes enlarge upon infection with the wild type ( Fig. 2 and 4 ) is intriguing and deserves further study. Rab5 is thought to play an important role in regulating early-endosome fusion, and large endosomes thought to arise from fusion have been associated with overexpression of Rab5 or expression of the GTPase mutant Rab5: Q79L (3, 21, 32) . In an in vitro system, phagosomes containing live LLO Ϫ L. monocytogenes recruited Rab5 faster than phagosomes containing dead bacteria recruited Rab5 (1) .
Generation of the host signals appears to be coupled to specific bacterial proteins, and thus L. monocytogenes is able to manipulate host signaling mechanisms to ensure its own survival. These studies, along with our previous work on calcium signaling in J774 cells (35) and studies of endothelial cells (27, 28) and neutrophils (29) , draw additional attention to the engagement of secreted proteins, such as LLO and the two phospholipases, with host cells prior to uptake of the bacteria. Recent work with the extracellular pathogen Streptococcus pyogenes demonstrated a role for streptolysin O, a member of the same family of cholesterol-dependent cytolysins as LLO, in permitting the entry of a bacterial protein into the host cell, analogous to the type III secretion system of gram-negative bacteria (22) . A similar model was proposed for LLO and PI-PLC (27) , and the present results and previous results (35) support such a model (Fig. 9) . Expression of both LLO and PI-PLC is increased upon entry of L. monocytogenes into the phagocytic vacuole (2, 16, 24) . Distinguishing between the effects of these proteins before and after entry into the host cell on the fate of L. monocytogenes in a macrophage will undoubtedly be the focus of considerable effort in the future.
